Tensile behavior of extruded short E-glass fiber reinforced polyamide-6 composite sheet has been determined at different temperatures (21.5"C, 50°C 75°C 100°C) and Merent strain rates (O.O5/min, 0.5/min, 5/min). Experimental results show that this composite is a strain rate and temperature dependent material. Both elastic modulus and tensile strength of the composite increased with strain rate and decreased with temperature. Experimental results also show that strain rate sensitivity and temperature sensitivity of this composite change at a temperature between 25°C and 50°C as a result of the glass transition of the polyamide-6 matrix. Based on the experimental stress-strain curves, a two-parameter strain rate and temperature dependent constitutive model has been established to describe the tensile behavior of short fiber reinforced polyamide-6 composite. The parameters in this model are a stress exponent n and a stress coefficient u*. It is shown that the stress exponent n, which controls the strain rate strengthening effect and the strain hardening effect of the composite, is not only strain rate independent but also temperature independent. The stress exponent u*, on the other hand, varies with both strain rate and temperature.
INTRODUCTION
uring the past several years, increasing attention D has been given to the mechanical behavior of engineering thermoplastics and thermoplastic matrix composites. One reason for this interest is that engineering thermoplastics and their composites are finding increasing applications in many structural automotive components, such as instrument panels, radiator fans, and electronic modules (1) . Most of these applications require good performance over a range of temperatures and deformation rates. Hence it has become important to know the effects of temperature as well as strain rate on the mechanical behavior of engineering thermoplastics and their composites.
Polyamide-6 (nylon-6) is a semicrystalline engineering thermoplastic known for its balance of strength, modulus, and chemical resistance. Both polyamide-6 and short E-glass fiber reinforced polyamide-6 composite have many potential applications in automobiles where creep resistance, stifhess and some toughness are demanded in addition to welght savings. TWO examples of its automotive applications are radiator fans and air intake manifolds. The E-glass fibers give the composite its stiffness and strength and the polyamide-6 matrix provides the means of achieving toughness and chemical resistance in addition to holding the fibers together. Several publications have considered the mechanical properties of short fiber reinforced polyamides. For example, Laura et aL (2) examined the effect of glass fiber content on the tensile modulus, yield strength and impact strength of a rubber-toughened polyamide-6. Darlington and Smith (3) reported the creep, creep rupture and impact strength of short fiber reinforced polyamide-6 and polyamide-6, 6. Akay and Barkley (4) examined the fiber orientation effect on the elastic modulus, tensile strength and fracture properties of injection molded polyamide composites. Ramsteiner and Theysohn (5) studied the effect of fiber/matrix interfacial strength and fiber volume h ction on the tensile and impact strengths of unidirectional, short glass fiber reinforced polyamide-6. In this paper, the tensile behavior of a short E-glass fiber reinforced polyamide-6 composite is examined at four different temperatures and three Merent strain rates. Based on the experimental results, a two-parameter constitutive equation is proposed that can be used to predict the tensile stress-strain characteristics of this composite over the range of temperatures and strain rates considered. The strain rate and temperature sensitivities of tensile strength and modulus of the composite are also established.
EKpERwlENTs
The material used in this study was a short E-glass fiber reinforced polyamide-6 (trade name: Capron 8233). The fiber content in this composite was 33% by weight.
Several extruded sheets of this material were obtained from AUiedSignal Plastics. The glass transition temperature, Tg of polyamide-6 matrix is between 40°C and 50°C (6) and its melting point is 215°C. In a recent study (7), the glass transition temperature of polyamide-6 is reported as 40°C.
Dogbone-shaped tensile specimens were machined from one of the extruded sheets in the extrusion direction and normal to the extrusion direction of the sheet. Uniaxial tension tests were performed on an MTS servohydraulic testing machine equipped with an environmental chamber in which heating is performed by forced air convection. Axial strain was measured using a strain gauge extensometer (25 mm gauge length). The tests were conducted at three different crosshead speeds, namely 1.25, 12.5 and 125 mm/min and at four different temperatures, namely 21.5, 50, 75 and 100°C. Since the gauge length was 25 mm. the average strain rates were assumed to be 0.05, 0.5 and 5 min-'. Three parameters were determined from each stressstrain curve: elastic modulus @]. tensile strength (ub). and failure strain (&b). Elastic modulus or Young's modulus is the initial slope of the stress-strain curve. Tensile strength is the stress at failure and the strain corresponding to the tensile strength is the failure Strain.
. RESULTS
Tensile stress-strain curves of the short E-glass fiber reinforced polyamide-6 composite in the extrusion direction and normal to the extrusion direction are shown in ms. 1-4. The tensile stress-strain curves are mostly non-linear and do not exhibit any obvious yield point. The rate at which stress increases with strain reduces drastically after an initial rapid increase and at higher temperatures, the stress-strain curves become nearly flat as the failure strain is approached. W e s 1 and 2 show the effect of temperature on the stress-strain curves of the polyamide-6 composite in the extrusion direction and normal to the extrusion direction, respectively. As expected, the overall stress level decreases with increasing temperature. Both modulus and tensile strength decrease with increasing temperature, while the failure strain increases as the temperature is increased up to 75°C; however, at lOO"C, the failure strain is decreased. Figure 3 shows the effect of strain rate on the stress-strain curves of the polyamide-6 composite in the extrusion direction (Figs. 3a and 3b ) as well as normal to the extrusion direction (Figs. 3c and 3d) at 21.5 and 100°C. It is observed in these figures that the overall stress level increases with increasing strain rate: however, the effect of strain rate on the failure strain is relatively small for the three strain rates investigated.
Figures 4 a and 4b show comparisons of stress-strain curves of the composite in the extrusion direction and normal to the extrusion direction at 21.5"C and 100°C. respectively. At both temperatures, modulus and tensile strength are much higher in the extrusion direction than normal to the extrusion direction. The failure strain, on the other hand, is much higher in normal to the extrusion direction. Tensile property values at other temperatures and strain rates are given in Tables I  and 2 . The significant difference in properties in two mutually perpendicular directions indicates inherent anisotropy of the extruded sheets, which may arise as a result of preferential orientation of flbers in the extrusion direction. The higher modulus, higher tensile strength and lower failure strain in the extrusion direction are indications that the short fibers in the as-received extruded sheet are preferentially oriented in that direction. Tables 1-2 , it can be concluded that short fiber reinforced polyamide-6 is a temperature and strain rate sensitive material. Furthermore, in the as-received extruded sheet form, the material is also anisotropic. Figure 5 shows the variation of modulus E and tensile strength ub with Ink. The effect of temperature is also shown in this figure. The variation of these two properties with temperature is shown in Fig. 6 . In general, both E and cb increase with increasing strain rate and decrease with increasing temperature. The following empirical relationships are found to fit the modulus and tensile strength data and represent the temperature sensitivity and strain rate sensitivity of these two properties of this composite.
From Figs. 1-4 and
where E,, UbO, 6, and To are reference elastic modulus, reference tensile strength, reference strain rate and reference temperature, respectively. Two other parameters, rn and A, appearing in Eqs I and 2 are defined as strain rate strengthening coefficient and thermal softening coefficient, respectively. Mathematically, they are defined as are considerably different from that at the other three temperatures. This is indicated by the change in slope that occus as the temperature is increased h m 21.5"C to 50°C. Since the glass transition temperature of polyamide-6 is between 40°C and 50"C, it is assumed that the strain rate sensitivity has changed due to glass transition. Assuming 6, = O.O5/min and To = 5OoC, m and X values are calculated from the experimental results using the least square method ( Strain can also be observed fiom this table that the strain rate sensitivity and temperature sensitivity of E-glass fiber reinforced polaymide-6 i s much lower in the extrusion direction than normal to the extrusion direction. The difference in strain rate and temperature sensitivity in these two mutually perpendicular directions can also be explained in terms of preferential fiber orientation in the extrusion direction of the sheet. As a result of the preferential orientation, the extrusion direction is more fiber-dominated and the normal to the extrusion direction is more matrix-dominated. 
CONSTITUTIVE EQUATION
In this section, we develop a constitutive equation that describes the tensile stress-strain behavior of short fiber reinforced polyamide-6. The total strain is assumed to be the sum of elastic strain, E,, and inelastic strain, si, (8), so that the strain rate can be written as
where, 6, and di represent the strain rates corresponding to the elastic and inelastic components, respectively. The elastic strain rate i s assumed to be path-independent, such that
where E is elastic modulus of the material, and u is the stress. The inelastic strain rate, hi, is assumed to follow a power-law function of stress where cro and n are defined as the reference stress and the stress exponent, respectively. Both the strain rate strengthening as well as the strain hardening effects of the composite are controlled by the stress exponent n. C is a material parameter. Substituting Eqs 6 and 7 into JZq 5, we obtain Zhen Wang, Yuanwin ZJwu, and P. K. Mallick 
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In Eq 9, the parameter u* is called the stress coefficient.
To determine the parameters n and u*, we take logarithms on both sides of Eq 9 to write
In E --= n l n u -n l n u * + l n E (10) temperature. In both extrusion and normal to extrusion directions, the derived data at these strain rates fall on the same h e . Similar merger of data is also observed at the other three temperatures, indicating that the stress exponent n is independent of strain rate. m e s 10 and 1 1 show the stress coefficient u* and stress exponent n plotted as a function of temperature and strain rate, respectively. It can be observed from this figure that n does not vary much with either temperature or strain rate and, therefore, we consider n to be independent of both temperature as well as strain rate. However, the stress coefficient depends on both strain rate as well as temperature. It decreases with increasing temperature (Rg. 10). but increases with increasing strain rate (Fig. 1 I) . The stress exponent n is higher in the extrusion direction than normal to the extrusion direction. The stress coefficient cr* in the extrusion direction is also different from that in the normal to the extrusion direction. Tables 1 and 2 include the values of n and u* at various test conditions used.
The average values of the stress exponent n and expressions for the stress coefficients u* in these two directions are as follows:
In the extrusion direction. There is a change in the strain rate sensitivity and the temperature sensitivity of composite between 21.5"C and 50°C. possibly as a result of the glass transition of the polyamide-6 matrix.
2.
The extruded composite sheet is anisotropic in the sense that the tensile properties of the sheet in the extrusion direction are significantly different from those in the normal to the extrusion direction. The strain rate and temperature sensitivities of the composite are much lower in the extrusion direction than normal to the extrusion direction.
3.
A two-parameter strain rate and temperature dependent constitutive model has been established to describe the tensile behavior of composite. The parameters in this model are called the stress exponent and the stress coefficient.
The stress exponent n, which controls the strain rate strengthening effect and strain hardening 
